Stripe rust is a devastating disease of wheat, causing significant global grain yield 23 losses. This study shows that WKS1 interacts with and phosphorylates PsbO, an 24 extrinsic member of photosystem II, leads a fast degradation of PsbO by proteases, to 25 reduce photosynthesis and regulate leaf chlorosis in conferring Pst resistance. These 26 findings highlight the importance of chlorosis during fungal resistance.
INTRODUCTION
We further analyzed the localization of WKS1.1 and PsbO inside the chloroplast. 135 A clear signal of WKS1.1 was detected both in the thylakoid membrane and lumen of 136 the wheat chloroplasts (Supplemental Figure 3) . The localization in the thylakoid 137 membrane agreed with the earlier report that WKS1.1 had lipid-binding ability and 138 that WKS1.1 phosphorylated the thylakoidal APX protein (Gou et al., 2015) . The 139 signal of PsbO was mainly detected in the thylakoid membrane with a faint signal in 140 the lumen, suggesting that the majority of PsbO was bound on the PSII core structure 141 (Supplemental Figure 3) . 142 Overall, the coIP, Y2H, BiFC, and localization experiments supported the 143 hypothesis that WKS1.1 physically interacts with PsbO in wheat chloroplasts.
144
The psbo-A1 Mutant Is Resistant to Stripe Rust 145 To test the effects of PsbO on chlorosis and Pst resistance, we isolated a tetraploid 146 wheat ethyl methanesulfonate (EMS) mutant that had a point mutation in a conserved 147 region of PsbO (A genome homolog). The mutant, psbo-A1 (Kr1065), has a serine 148 (aGc=222S) to asparagine (aAc=222N) mutation (Figure 2A) . PsbO accumulated at a 149 lower concentration in the psbo-A1 mutant than in control ( Figure 2B ). Eighteen days 150 post-inoculation (18 DPI), fewer stripe rust sporulation sites were observed in the 151 psbo-A1 mutant compared with the wild-type (WT) in the absence of WKS1.1 152 function ( Figure 2C ). Both the number of Pst sporulation sites ( Figure 2D ) and the 153 fungal biomass (estimated by the ratio of fungal/host DNA) ( Figure 2E ) were 154 significantly lower in the psbo-A1 mutant than in the WT. 155 To confirm that an increase of Pst resistance was caused by the psbo-A1 156 mutation, we backcrossed the psbo-A1mutant with the wild type Kronos (WT, 157 hereafter). In adult leaf tissues of BC 1 F 2 generation plants at Zadoks Growth Scale 18 158 (Zadoks et al., 1974) , the nine plants carrying the psbo-A1 allele (aAc=222N) showed 159 an improved Pst resistance relative to ten plants with the WT allele (aGc=222S) 160 ( Figure 2F ). Significant reductions in the ratio between Pst DNA to host DNA were 161 detected in the nine plants with the psbo-A1 allele relative to the ten plants with the 162 WT allele ( Figure 2G ). These data confirmed that the psbo-A1 mutation allele was 163 linked to the Pst resistance phenotype. 164 To further test the association between PsbO and the resistant phenotype, we 165 used RNAi to suppress PsbO in the three hexaploid genomes in Fielder transgenic 166 hexaploid wheat lines (Supplemental Figure 4) . Figure 2H showed endogenous PsbO 167 protein levels were successfully reduced in the PsbO RNAi lines. In these transgenic 168 RNAi lines, we observed a clear reduction in stripe rust growth was detected, which 169 was consistent with the psbo-A1 mutant phenotype ( Figure 2I ). The average pustule 170 numbers were significantly lower in the RNAi transgenic lines than in the control 171 plants ( Figure 2J ). These data support the hypothesis that disruption of PsbO 172 increases Pst resistance. 6 we first compared Pst growth and H 2 O 2 production in WT plants and psbo-A1 mutants 176 at early stages (2-week-old plants). At 2 DPI, stripe rust germinated, and the fungi 177 grew in both the psbo-A1 mutant and WT ( Figure 3A ). However, the average hyphal 178 area within the psbo-A1 mutants was 40% lower than in the WT plants ( Figure 3B ). 179 We then checked the amount of H 2 O 2 by using 3,3'-diaminobenzidine (DAB) staining 180 but did not observe any significant differences between the WT and psbo-A1 mutant 181 ( Figure 3C -D). The above data indicated that chlorosis could inhibit Pst growth 182 before a difference in differential H 2 O 2 accumulation could be detected. In addition, 183 there were no significant differences in cell death areas between the WT and psbo-A1 184 mutant ( Figure 3E ). These results indicated that a differential H 2 O 2 accumulation was 185 an unlikely cause of the increase in Pst resistance in the psbo-A1 mutant at 2 DPI.
186
To test if the chlorosis phenotype observed in the psbo-A1 mutant (and in the 187 WKS1-plants showing chlorosis) was associated with reduced photosynthesis, we 188 measured photosynthesis rates in the psbo-A1mutant. In a growth chamber experiment, 189 we observed a very significant reduction in the maximal photochemical efficiency of 190 PSII (Fv/Fm) in the psbo-A1 mutant relative to the WT ( Figure 3F , P < 0.0001).
191
Interestingly, the CO 2 assimilation rate was significantly reduced in the psbo-A1 192 mutant compared with WT at the jointing stage (Z18 in Zadoks Growth Scale) ( Figure   193 3G, P < 0.0001). A similar reduction was also monitored in the psbo-A1 mutant at the 194 full boot stage (Z38 in Zadoks Growth Scale) ( Figure 3H , P < 0.0001).
195
This reduction was in agreement with the observation that, compared with those Figure 3K ).
199
In these PsbO RNAi lines, reductions in the maximal photochemical efficiency of 200 PSII (Fv/Fm) and CO 2 assimilation rate were also detected ( Figure 3L-N) . Therefore, 201 the increased resistance in the psbo-A1 mutant and RNAi lines was associated with 202 the changes in photosynthetic rates.
203
Accelerated leaf chlorosis has also been observed in WKS1-mediated Pst 204 resistance (Gou et al., 2015) . To determine whether there was any change similar to 205 that observed in the psbo-A1 mutant, we measured photosynthesis rate in WKS1 206 transgenic plants under its natural promoter (Gou et al. 2015) . The bottom leaves of 207 these transgenic plants showed reductions in the maximal photochemical efficiency of 208 PSII that were significant in two out of the three transgenic plants analyzed 209 (Supplemental Figure 5 ). Based on this data and the WKS1-PsbO protein interaction , so we studied the ability of WKS1.1 to phosphorylate PsbO. We 217 first checked phosphorylation using recombinant proteins in conjunction with 218 Q-Diamond, a dye widely used to stain phosphorylated proteins (Jin and Gou, 2016) . 219 Upon the initiation of kinase reactions with ATP, a strong phosphorylation signal was 220 detected in the samples with PsbO and WKS1.1, compared with the negative control 221 samples that lacked the ATP needed to initiate the kinase reaction ( Figure 4A ). In a 222 subsequent experiment, radioactive γ-P 32 -ATP was supplied in the sample to transfer 223 P 32 groups to targets during the kinase reaction. After separation by SDS-PAGE, a 224 clear radio-autography band was observed at the PsbO position ( Figure 4B ). In 225 addition, an auto-phosphorylation band of WKS1.1 was observed ( Figure 4B ), which 226 is consistent with the results of previous results (Gou et al., 2015) .
227
To understand the phosphorylation process, we evaluated the phosphorylation of To obtain information on putative PsbO phosphorylation sites catalyzed by 239 WKS1.1, we analyzed the phosphorylated samples by mass spectrometry.
240
Phosphorylation was detected on one serine located within the chloroplast 241 transportation signal of PsbO ( Figure 4F ). However, this amino acid phosphorylation 242 may have little biological effect because this signal peptide is truncated for the 243 formation of mature PsbO in chloroplasts (Ko and Cashmore, 1989) . Surprisingly, The PsbO protein alone showed a strong band after one h in total protein extracts 276 from BW within the same leave number at the same developmental stage ( Figure 5C ). Figure 5D ). Interestingly, CP43, the binding partner of PsbO in PSII 290 within the phosphorylated residues (Supplemental Figure 6 ), was also below our 291 detection threshold ( Figure 5D ), which is consistent with a previous report in which 292 PsbO protected CP43 from hydrolysis (Lundin et al., 2007) . 293 We finally analyzed the degradation process in more detail. The degradation of 
